This paper presents the design, fabrication, and operation of a chemo-mechatronic system that changes its geometry and electrical functionality in the presence of specific chemical signals.
INTRODUCTION
Self-folding is a process in which a flat sheet folds itself along pre-programmed hinges to form a three-dimensional structure. It has been applied to a variety of devices, from meter- * Address all correspondence to this author. scale robots [1] to micrometer-scale cell-biopsy grippers [2] . It can be used to automate the assembly of multiple machines in parallel [3] , construct devices that are too small to manipulate manually [4] , and transform machines between different shapes for different locomotion modes [5] [6] . Folding can be actuated with a variety of techniques, including shape memory polymers [7] [8], shape memory alloys [9] [10] [11] [12] [13] , and pneumatics [14] [15] .
One particular type of self-folding uses hydrogel swelling [16] . Hydrogels have a wide range of uses due to their swelling behavior, including biomedical sensors and mechanical parts [17] [18] [19] . They can be actuated by thermal reaction [20] or by successive extension of cross-links [21] . Many hydrogels are also bio-compatible and can be used to deliver drugs and other molecules [22] . In this paper we use gelatin [23] from denatured collagen to form a hydrogel [24] [25] .
In this paper we present a self-folding sensor that combines an active hydrogel layer with an aluminum scaffold and a copper circuit. The general concept of operation is that a chemical reaction in the hydrogel causes mechanical deformation of the scaffold, which in turn leads to electrical changes in the circuit that can be used to sense the original chemical signal. We first characterized the relationship between the self-folding hinge geometry (hinge thickness and hydrogel thickness) and the fold angle. Then, to demonstrate the efficacy of this concept, we built a device with a self-folding hinge and a circuit with embedded conductive trace including a battery and an LED. The device was partially submerged into PEG for eight hours. The PEG dehydrates the hydrogel and causes it to contract, which in turn causes the hinge to fold. Once the hinge folds, two electrodes on either side of the structure connect and the LED lights up, signaling the presence of PEG. This prototype demonstrates the potential for similar chemo-mechatronic systems, and we expect that this approach could one day be applied to in vivo biosensors, chemical warning systems, and chemically reactive robots.
DESIGN AND FABRICATION Foldable Hinge (Scaffold)
The scaffold was laminated with three layers: two rigid layers and a flexural layer. The rigid layers are 100 µm thick aluminum shims, and the flexural layer is nylon film, either 25 µm and 50 µm thick. The flexural layer was sandwiched between two rigid layers and the laminate was bonded together with highstrength glue-on-a-roll (3M F9460PC). An articulated hinge was created by removing a thin strip of aluminum from either side of the laminate, leaving the nylon exposed and able to bend freely (Fig. 2) .
There are seven steps to fabricating the scaffold. First, acrylic was used as a flat base and aluminum shims were stuck to the acrylic using GelPak (WF-60-X4-A) ( Fig. 3(a) ). By using the acrylic and the GelPak, the aluminum stayed flat during the laser cutting, enabling clean and consistent cuts. The aluminum shims were then cut with the fiber laser cutter (Universal Laser Systems, PLS6MW), using the pre-designed patterns (Fig. 3(b) ). Cut aluminum shims were cleaned by sonicating in 70% ethanol for one hour and dried for one hour at 60 • (Fig. 3(c) ). Another set of acrylic and GelPak was used, and holes were cut for pin alignment ( Fig. 3 (d)(e)). Then, adhesive coated nylon film was sandwiched between the two cleaned aluminum shims, and the whole assembly was pin-aligned to the base from the previous step ( Fig. 3(f) ). A release cut was used to cut the desired scaffold from the assembly( Fig. 3(g) ).
Hydrogel
Before attaching the hydrogel, the scaffold was cleaned by sonicating in 70% ethanol for one hour and dried for one hour at 60 • C. We used polydopamine (PDA) to attach our hydrogel to a scaffold, since the catechol group within the PDA structure allows spontaneous formation of a covalent bond with gelatin [26] [27]. Gelatin powder (Type A, 300 bloom, Electron Microscopy Sciences) was dissolved in water at 60 • C to achieve 20 wt/v% (weight/volume percent). T1 Transglutaminase Formula (Modernist Pantry) was dissolved in water at 30 • C to achieve a 8 wt/v% solution. The two solutions were mixed 1:1. The hydrogel was pipetted into a mold on top of the scaffold and left to cure for an hour. To increase the mechanical stability and alter the water-diffusion we covalently crosslinked our gelatin hydrogel with transglutaminase [28] . 
MODEL
To predict the fold angle of the self-folding hinges, we applied an analytical model that treats the nylon hinge and the hydrogel as a bilayer with asymmetric strain, bounded by the aluminum on either side. Using a generalized version of a method outlined by Timoshenko [29] , the final curvature of the bilayer can be determined from the balance of strain longitudinal to the bilayer at the interface between the two layers. Eqn. 1 is a modified version of Timoshenko's Equation 4 with thermal strain replaced with the general form of strain.
where ρ is the radius of curvature of the bilayer, h is the total thickness of the bilayer after dehydration, E is the Young's modulus of either layer, I is the moment of inertia of either layer, w is the width of the bilayer, a is the thickness of either layer after dehydration as determined experimentally, and ε is the free strain in each of the layers due to dehydration. Subscript 1 denotes the gelatin layer, and subscript 2 denotes the nylon layer. Note that ε 2 will be 0 at all times since the resting length of the nylon layer does not change. The moment of inertia of each layer is modeled as a solid rectangular beam using Eqn. 2.
The final bending angle of the bilayer can then be determined using Eqn. 3.
where L is the length of the bending portion of the hinge, which is the distance between the aluminum plates.
EXPERIMENTS AND RESULTS

Tensile Tests
We first measured the Young's modulus of the hydrogel. Test samples were made using a sandwich design. Two 200 µm thick aluminum shim were used as rigid layers, with holes cut using the fiber laser cutter and used for clamping the samples to the tensile tester. The hydrogel was then sandwiched into the PDA coated aluminum shim. Test samples were clamped on a Mecmesin Multi-Test 2.5i (10N) as shown in Fig. 4 . Three samples were made under the same conditions: the hydrogels were all made with 4% crosslink, initially 3 mm thick and left in PEG for 24 hours to dehydrate. Experimental results are shown in Fig. 5 , where the thin lines represent the test results for each individual sample and the thick line represents the mean value of the three tests. From the resulting curve, we found a linear relationship between the stress and the stain, which gave us an average Young's Modulus of 914.3 kPa for the dehydrated hydrogel with 4% crosslink.
Folding with Varying Hydrogel Thickness
A picture of the scaffold with hydrogel on top and the corresponding folding angle θ is shown in Fig. 6 . The scaffold is 20 mm wide and 10 mm long for each folding plate, with a gap of 1 mm for the flexural hinge, which is either 25 µm or 50 µm thick. The hydrogel is 18 mm × 18 mm with three different thicknesses: 1.5 mm, 3 mm or 4.5 mm.
Scaffolds coated with different hydrogel thicknesses were placed under a microscope (Nikon SMZ18, with Imaging Source DFK) in a rectangular vessel. The scaffolds were clamped vertically with the surfaces of the scaffolds perpendicular to the ground to eliminate the effect of gravity on the folding performance. The performance was recorded using the time-lapse Scaffold Hydrogel θ FIGURE 6: SELF-FOLDING HINGE.
function of the microscope, with pictures taken every 5 mins, and the position of the scaffold's rotating section was tracked using a MATLAB program. From this, the final folding angle θ was calculated and plotted.
Hydrogels with three different thicknesses (1.5 mm, 3 mm and 4.5 mm when hydrated) were used. The thickness of the hinge was fixed to 25 µm and the hydrogel was fixed to 4% crosslink. The final folding angles θ with error and predicted values are plotted (Fig. 7) , where gray solid bars represent the experimental final folding angle, black bars represent standard deviations and hatched bars represent the value predicted by our model. From the results, we can see the mathematical model correctly predicted the final folding angle for the scaffolds with a hydrogel thickness of 1.5 mm. However, the model underestimated the performance of the scaffolds with hydrogel thicknesses of 3 mm and 4.5 mm. We believe that the reason for this underestimation is the bilayer assumption only works for small displacements and breaks down for large layer thicknesses.
Folding with Varying Hinge Thickness
Nylon films with two different thicknesses (25 µm and 50 µm) were used as the flexural hinge layer. The hydrogel thickness was fixed to 1.5 mm with 4% crosslink. The final folding angle θ was plotted with the standard deviation and predicted value (Fig. 8 ). For these thin hydrogels, the experimental results match our model.
Chemo-Mechatronic System Prototype
We built a self-folding hinge with a circuit and embedded conductive trace. The dimensions are shown in Fig. 9(a) . The length of the hinge was increased and the ends of each face were pre-folded to 90 • so that the two plates of the hinge contact each other when folded. A copper-clad polyimide sheet (DuPont TM Pyralux AC, AC 091200EV) was used to fabricate the conductive trace. This sheet consisted of a 9 µm copper foil layer and a 12 µm polyimide substrate. The circuit pattern was first masked on the copper using a solid ink printer (ColorCube 8580). Then the sheet was submerged in a copper etchant solution (UN2582 Ferric Chloride Solution, 8, PGIII). The exposed copper was dissolved in the solution and the desired circuit was left on the polyimide. This circuit was laminated on one side of the scaffold, as shown in Fig. 9 The self-folding hinge with a circuit and embedded conductive trace is shown in Fig. 10 . The hinge was initially approximately flat with a folding angle θ of 5 • (Fig. 10(a) ). In the presence of PEG, the hydrogel dehydrated and folded the hinge (Fig.  10(b) ). Eventually, after six hours, the two ends of the hinge contacted each other when the folding angle θ reached 60 • , causing the LED to light (Fig. 10(c) ). The LED remained powered until the battery died, even when PEG was removed.
Discussion
In this paper, we have proposed and implemented a selffolding technique driven by the chemical actuation of a hydrogel. We designed and fabricated a self-folding hinge using a laminated structure with a circuit and embedded conductive trace. We also demonstrated the potential of this approach as a chemical sensor. This prototype suggests that integration of chemical and electrical systems through a mechanical medium is practical and functional.
We used a bilayer model to predict the final fold angle, but this model assumes that the bilayer thickness is much smaller than the radius of curvature. As the thickness of the hydrogel increases, the model loses its accuracy. We believe that a more complete mechanical model [30] can be used to more accurately predict the folding behavior. The mechanical behavior of the gelatin may also be nonlinear or time-dependent, especially as it dehydrates, so a more thorough mechanical analysis could explain the disparity between the model and results.
Some error in the experimental results may be caused by variation in the fabrication process. First, the mold is attached to the scaffold manually, which may induce some variation on the location where the hydrogel attaches to the scaffold. Second, the hydrogel layer has an uneven thickness because it is poured into a mold. Future work will investigate how to improve fabrication precision. The minimum sensor size is also limited by our fabrication process, so in order to build micrometer-scale sensors we will need to use MEMS fabrication techniques. We expect that improving precision and miniaturizing these devices will be complementary. This work indicates some potential avenues for future research. The hydrogel dehydrates very slowly in the presence of PEG, which leads to a long actuation time. Future efforts may be faster and more efficient if we can figure out a way to accelerate the chemical reaction. Furthermore, we constrained the crosslink to 4% in this study, but we expect that crosslinking will affect the performance of bending. Future experiments can vary the crosslink to observe this effect. Finally, it's posible to tailor hydrogels to react to particular molecules, including cancer antigens [31] . If we can integrate these hydrogels into the device presented here, we can design it to detect specific signals. In summary, we expect that further research will improve the flexibility and practicality of this approach.
